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In this paper, antennas made out of transparent conducting oxides (TCOs) are explored. The optical transparency of 
transparent conducting oxides is achieved through thin-ﬁ lm depositions on substrates. However, thin-ﬁ lm depositions 
create a new set of electrical challenges that require a full understanding of semiconductor physics. This work looks into 
the governing equations that limit light transmission, absorption, and reﬂ ection through a transparent conductor, along 
with the electrical conductivity and antenna efﬁ ciency of transparent-conducting-oxide thin-ﬁ lm patch antennas. 
Keywords: Microstrip antennas; patch antennas; transparent antennas; indium tin oxide; thin ﬁ lms
1. Introduction
Transparent conductive materials have been prepared with oxides of tin, indium, zinc, and cadmium [1]. These 
semi conductor transparent conducting oxides (TCOs) are 
employed in a wide spectrum of applications, such as solar 
cells, electromagnetic shielding, and touch-panel controls [1]. 
Notably, there has been little commercial application of trans-
parent conducting oxides in antenna design. Attempts have 
been made to create transparent patch antennas for automobile 
windshields and solar cells [2-6]. Many papers on this subject 
expressed the inability of achieving high gains (more than 2 dB) 
[5] and reduced effi ciencies of microstrip antennas, compared 
to antennas that are not near a ground plane [2], such as a 
dipole in free space. Previous transparent-antenna research has 
offered little insight into the use and limitations of transparent-
conducting-oxide antennas in general. There has also been little 
insight into what range of conductivity and transparency can be 
expected from today’s materials, and how that impacts antenna 
performance for different frequency bands. This paper explores 
the tradeoffs and discusses the implementations for antenna 
design using today’s materials, and as transparent-conducting-
oxide materials mature.
 In order to better understand the importance of these mate-
rial-science constraints and how they impact transparent-
antenna design, this paper looks at transparent conductors in a 
language that can be understood by antenna engineers. In this 
effort, we examine various issues that plague thin-antenna 
design using thin-fi lm transparent conductors, including skin-
depth losses, ground losses, and surface losses. Skin-depth 
losses are introduced by the requirement of high optical trans-
parency, which requires thin transparent-conducting-oxide 
depositions, reducing antenna effi ciency. Ground-effect losses 
in the ground plane of patch antennas further reduce effi  ciency. 
Both of these issues, coupled with the relatively low conductivity 
of transparent conducting oxides [7], (approxi mately 58 10×
S/m for indium tin oxide, ITO) can cause signifi  cant increases 
in the surface resistance of the microstrip patch, and resultant 
lower effi ciency. Taking into considera tion all of these effects, 
this work will evaluate 1) the neces sary parameters of a 
transparent material for antenna design, 2) the type of losses 
associated with thin-fi lm depositions due to ground- and skin-
effect losses in microstrip-patch antennas, and 3) design 
considerations to mitigate the antenna’s surface resistance and 
to improve effi ciency. The fi rst item is addressed by a thorough 
explanation of transparent-conduct ing-oxide material physics, 
which will illustrate how to manipulate free-electron doping 
and electron mobility to improve transparency and maximize 
conductivity. The second item introduces an empirical equation 
to approximate surface resistance due to skin and ground losses. 
The third item evalu ates the expected optical transparency and 
radiation effi ciency of today’s transparent conducting oxides, 
and those that we may hope to see in the future. It may also be 
noted that many of the concepts in this paper apply to the design 
of antennas with other imperfectly conducting materials, such 
as textiles.
doping, the optical and conductive properties may be simply 
described by using Drude’s model [9], pre sented in the 
following paragraph. 
 Drude’s model expresses the dielectric property of a mate-
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where the term ∞  is the high-frequency dielectric constant 
contributed by the valence electrons, and τ  is the electronic 
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where eN  is the electron density of the transparent conducting 
oxide in 3m− , q is the electron charge in Coulombs, and τ  is 
the electronic relaxation time. From Equation (2), it is noted 
that the electronic relaxation time, τ  (also referred to as elec-
tron mobility, 0e q mµ τ
∗= ), has very little infl uence. It is thus 
considered to have a negligible effect on the plasma fre quency, 
leaving the electron density, eN , as the dominant factor that 
determines the plasma frequency of the transparent conducting 
oxide, illustrated in Figure 2. We can also defi ne an expression 
to form a single effective frequency-dependent conductivity 
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 In order to maximize optical transmission of the whole 
visible electromagnetic spectrum ( 400visibleλ = nm to 700 nm) 
through the material, the plasma frequency must be below the 
lowest visible wavelength ( 2 p visibleπ ω λ< ). If the plasma 
frequency is set to be barely below the lowest visible wavelength, 
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where 0µ  is the magnetic permeability of free space. Equa-
tion (4) will serve as a guideline for the doping of free elec trons 
in the transparent material. To allow a small margin of error for 
visible transmission, it is recommended that we use a material 
with a plasma wavelength of just over 1pλ = µm (near 
infrared). The power refl ection for optical frequencies, ( )R ω , 
of a uniform transparent-conducting-oxide deposition 
















.   (5)
 For frequencies much lower than the plasma frequency, 
pω , the normal-incidence transmission coeffi cient, 
( ) ( )1T Rω ω= −  tends to be close to 0. Alternatively, for 
frequencies above the plasma frequency, the transmission 
coeffi cient increases, and lim 1
ω→∞
= , depending on the transpar-
ent conducting oxide’s permittivity values. This transmission 
coeffi cient is also dependent on the amount of absorbed energy 
as it travels through the lossy dielectric slab (the transparent 
conducting oxide), and its angle of incidence. Further analysis 
may be required on the effects of transparent-conducting-oxide 
transmission at oblique transmission angles. At normal angles 
of incidence, the amount of transmitted absorbed energy is 
determined by the electromagnetic skin depth, δ , which 
constrains the electromagnetic wave energy loss as it travels 
through a thickness t of the transparent con ducting oxide. The 
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 The dual characteristic of light absorption and micro-
wave-energy conduction of the transparent conducting oxide 
yields two separate equations that determine the skin depth at 
frequencies where (1) the transparent conducting oxide is a 
good conductor, but not very transparent: pω ω> , Case 1; and 
(2) where the transparent conducting oxide is a good con ductor 
and transparent: pω ω< , Case 2; as illustrated below:
Figure 2. A typical transparent conducting oxide conduc-
tivity as a function of wavelength for frequencies ranging 
from the visible spectrum through the microwave regime. 
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where we assume that gEω <  , 1 ∞≈  , 377Z∞ ∞=   Ω, 
and µ  is the magnetic permeability of the transparent conduct-
ing oxide. In the second case, the transparency is pro portional 
to the electron mobility, τ . Furthermore, an increase in mobility 
will ultimately increase both the transparency and skin depth of 
the transparent conducting oxide [7]. It is also important to 
observe that an increase in the free electron mass, m∗ , will 
have the same effect. Therefore, the choice of a trans parent 
conducting oxide for antenna design is determined by the 
material’s electron density, eN ; the free electron mobil ity, eµ ; 
and the free electron mass, m∗ ; ultimately dic tated by the 
transparent-conducting-oxide’s ( ,E k ) band-struc ture shape. It 
is important to note that indium tin oxide is con sidered a 
semiconductor, due to its wide bandgap of 3.7 eV.
3. Skin and Ground Effects on 
Thin-Film Microstrip Antennas
 Unlike dipole antennas in free space, the current distribu-
tion on the microstrip patch can vary signifi cantly when the 
width, W, of the patch is much greater than the height, h, 
1W h  , as seen in Figure 4. This change in current distribu-
tion is better understood with the help of the ﬁ eld equivalence 
principal (Huygens’ principle) [10]. Under a condition where 
1W h  , we can assume that the current on the top of the 
patch ( tJ ) is much smaller than the current on the bottom
( bJ  ). Under this assumption, the cavity model provides fur-
ther simplifi cation by considering the current density on the top 
of the microstrip patch, tJ , to be zero [10]. Moreover, because 
the ground plane is near the patch, the magnetic cur rent density 
is maximized on the walls of the cavity, thus dou bling the 
magnetic current density on the perfect-current-den sity 
conducting walls. 
 The increase in magnetic current density in the cavity 
model results in an increased current distribution on the bot tom 
surface of the microstrip patch, as seen in Figure 3 and Figure 4, 
where the current-density distribution of a microstrip patch is 
compared to its width-to-height ratio [11]. This situa tion implies 
that the ac resistance of the strip, sR , at large width-to-height 
ratios can be as much as twice that for smaller ratios [11]:
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 When using transparent conducting oxides, thin-fi lm 
deposition on the order of 100 nm to 2 µm is necessary to keep 
transparency high. However, when depositions are thin ner than 
the skin depth, ( )1/22δ σωµ= , the surface resistance 
dramatically changes as a function of thickness, t, com pounded 
by an effective doubling of this resistance for large W h  ratios. 
Additionally, these losses can be further analyzed with a circuit-
equivalent representation of surface impedance, shown in 
Figure 5.
 In good conductors, surface impedance may account for 
fi elds outside and inside the conductor. For good conductors 
with deposition thicknesses much bigger than the skin depth, 
t δ , the surface-impedance equation, ( )( )1/21 2sZ j ωµ σ= +
, is well defi ned for calculation of surface losses. However, 
when dealing with thicknesses that are smaller than the skin 
depth, t δ< , the surface-impedance equation changes. 
 In Figure 5, we fi nd that
 2 1i v dG vdxσ= =     (10)
Figure 3. An illustration of the charge and current-density 
distributions on a patch antenna. 
Figure 4. Cross sections of a microstrip current at micro-
wave frequencies where (a) 1W h   and (b) 1W h  . 
and
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 Due to an extreme current-density deformation at thick-
nesses t δ , a full-wave numerical solver may be necessary 
to properly predict skin and ground effects, and hence surface 
resistance, for transparent-patch antennas [12]. Additionally, 
Equations (12) and (14) do not account for additional sources of 
loss, such as surface roughness, lossy substrate, lossy ground 
planes, etc. 
4. Analysis of TCO Effects on 
Patch Transparency
 In order to better understand the effects of electron mobil-
ity, eµ , and electron density, eN , on the transparency of a 
transparent conducting oxide, we will analyze indium tin oxide, 
a widely used transparent conducting oxide for use in antenna 
design. Electron mobility and electron density can be controlled 
through changing oxygen and argon concentrations. Annealing 
can improve transparency as well as conductivity [1]. Various 
deposition methods – such as dc sputtering, RF sputtering, 
thermal deposition, spray pyrolysis, and pulsed laser deposition 
– may be used for thin-fi lm deposition of indium tin oxide on a 
substrate [1]. These methods can infl u ence the transparent-
conducting-oxide’s deposition rate, the uniformity, and the 
oxide doping. A transparent conducting oxide may be deposited 
on a variety of optically transparent substrate materials, such as 
glass and clear fl uorocarbon (FEP) fi lm.
 Typical values for the permittivity and effective elec tronic 
mass of indium tin oxide are 4.0∞ ≈  and 0.35 em m
∗ =  [7]. 
The electron mobility on high-quality indium-tin-oxide fi lms 
can reach values of 4 2 1 1 50 10 cm V seµ
− − −≈ × , with a dc 
scattering time of 140 10em qτ µ
∗ −≈ ≈ s. Drude empirical 
approximations sug gest that the electronic relaxation time is 
153.3 10τ −≈ × s. For our example antenna, a glass substrate 
with a dielectric of 6.0r =  and a height of 2.3h = mm was 
used. The ground plane was copper, and was considered to be a 
perfect electric conductor (PEC).
 In Figure 6, we fi nd that optical transmissions for indium 
tin oxide were high (greater than 50%) at deposition thick-
nesses of 1t ≤ µm or below. The optical transparency of the 
microstrip patch was not greatly affected by the electron den-
sity, but much better transmission of light was achieved if we 
increased the electron mobility to 4 2 1 1 100 10 cm V seµ
− − −= × , 
as seen in Figure 7. The decay of the optical transparency was 
greatly reduced below an electron density of 27 31 10  meN
−< ×
, keeping optical transparency above 60%. Although 
transparencies improved with lower electron densi ties, the 
electrical conductivity suffered. Increasing electron mobility, 
on the other hand, increased both the transparency and 
conductivity.
 Table 1 showed that conductivity approximately doubled 
as electron mobility doubled. The same relationship was 
observed for the increase of electron density. The near linear ity 
of this relationship gave eµ σ∝  and eN σ∝ . 
5. TCO and Antenna Design
 In the fi gures discussed in the following, rectangular 
microstrip-patch antennas were designed to be resonant from a 
range of 100 MHz to 10 GHz, with an input impedance of 
Figure 5. A circuit-equivalent representation of surface 
impedance.
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Figure 6. The optical transmission coefﬁ cient for 0 550λ =
nm light and an electron mobility of 2 1 150 cm V seµ
− −=  for 
various electron densities, eN .
Figure 7. The optical transmission coefﬁ cient for 0 550λ =
nm light and an electron mobility of 2 1 1100 cm V seµ
− −=  for 
various electron densities, eN .
Table 1. The conductivity of transparent conducting oxides for electron mobilities, eµ ,
 and various electron densities, eN .
26 39 10 meN
−= × 27 31.3 10 meN
−= × 27 31.5 10 meN
−= ×
2 1 150 cm V seµ
− −= 52.4 10× S/m 53.4 10× S/m 54.0 10× S/m
2 1 1100 cm V seµ
− −= 54.8 10× S/m 56.9 10× S/m 58.0 10× S/m
Figure 8. The microstrip-patch efﬁ ciency, re , for various 
antennas above a PEC ground with resonant frequencies 
between 100 MHz and 10 GHz, for an electron mobility of 
2 1 150 cm V seµ
− −= . 
Figure 9. The microstrip-patch efﬁ ciency, re , for various 
antennas above a PEC ground with resonant frequencies 
between 100 MHz and 10 GHz, for an electron mobility of 
2 1 1100 cm V seµ
− −= .
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Density, eN
3m−  
Indium Tin Oxide [7] 45 264 10×
Antimony Tin Oxide [13] 9.7 261.26 10×
Titanium Indium Oxide [14] 80 268 10×
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the antenna radiation efﬁ ciency, re , with 
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Figure 10. A circular see-through microstrip-patch antenna.
50aR = Ω, by varying their width and length. The radiation 
effi ciency in this case was calculated as ( )r a a se R R R= + , 
and is shown in Figure 8 for an electron mobility of 
2 1 150 cm V seµ
− −= , and shown in Figure 9 for 
2 1 1100 cm V seµ
− −= . The thickness, t, of the indium tin oxide 
deposition was 1.2 µm, in order to achieve transparencies of 
50% to 68%, as seen in Figure 6, and transparencies of 70% to 
80%, as seen in Figure 7.
 These antennas had very poor radiation effi ciencies at 
frequencies below 2 GHz. Effi ciencies of more than 20% were 
achieved for frequencies above 5 GHz in the highest-mobility 
case in Figure 9. It is important to note that an electron mobil ity 
above 2 1 1100 cm V seµ
− −=  is very hard to achieve, and further 
materials development should be done to improve the electron 
mobility of transparent conducting oxides. The lit erature [7] 
has suggested that novel materials, such as tita nium-doped 
indium oxide, could provide mobilities higher than 
2 1 150 cm V seµ
− −= . Table 2 gives a sample of different 
transparent-conducting-oxide materials and their respective eµ  
and eN  values. If the ground plane is also transparent, the 
radiation effi ciency, re , would substantially drop due to ground 
surface resistance, gR , so mobility would become even more 
critical.
 The results from Equation (14) were compared to full-
wave numerical simulation results using CST Microwave Stu-
dio™. Good agreement was seen, as shown in Table 3.
 One method of improving effi ciency involves the place-
ment of high-conductivity materials, such as copper, in areas 
of high current density [6]. This technique claims to improve 
transparent patch antenna effi ciencies up to 30%, and could 
be used to improve transparent-conducting-oxide antenna effi -
ciencies. 
 An alternative to transparent-conducting-oxide transpar-
ent antennas is meshed antennas [3], made from non-transpar-
ent conductors. These antennas are able to achieve effective 
transparencies by reducing the metallic area, while still retaining 
much of the electrical size and performance of a solid patch. 
These meshed patches have achieved transparen cies of up to 
80% while maintaining approximate radiation effi ciencies of up 
to 60% [3]. It is also important to note that the ground and skin-
depth effects are minimal for these anten nas, due to copper’s 
high free electron density ( 28 38.46 1  0 meN
−= × ) and electron 
mobility ( 2 1 144 10 cm V seµ
− −= × ). Unlike antennas made out 
of trans parent conducting oxides, see-through antennas do not 
require thin depositions, and can even be deposited inexpensively 
with metallic inkjet printing [16].
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 One method of improving effi ciency involves the place-
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of high current density [6]. This technique claims to improve 
transparent patch antenna effi ciencies up to 30%, and could 
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ciencies. 
 An alternative to transparent-conducting-oxide transpar-
ent antennas is meshed antennas [3], made from non-transpar-
ent conductors. These antennas are able to achieve effective 
transparencies by reducing the metallic area, while still retaining 
much of the electrical size and performance of a solid patch. 
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to 60% [3]. It is also important to note that the ground and skin-
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high free electron density ( 28 38.46 1  0 meN
−= × ) and electron 
mobility ( 2 1 144 10 cm V seµ
− −= × ). Unlike antennas made out 
of trans parent conducting oxides, see-through antennas do not 
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with metallic inkjet printing [16].
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6. Conclusion
 Transparent and conductive antennas are limited by intrin-
sic properties. Factors such as thin-fi lm depositions smaller 
than 2µm create severe skin-effect losses that deeply infl uence 
antennas at microwave frequencies. When transpar ent-
conducting-oxide materials are used for microstrip-patch 
design, the losses might increase by a factor of four, caused by 
a deformation of the current density around the patch and 
ground. Further studies may be required on the effects of 
transparent conducting oxides for different antennas such as 
wire antennas, slot antennas, and refl ectarray applications. The 
feasibility of a high effi ciency lies in the transparent conduct ing 
oxide’s material properties, which seem to be restricted by the 
intrinsic limitations of transparent conducting oxides. However, 
if higher electron mobilities, eµ  (
2 1 1100 cm V s− −> ), are 
achieved, then perhaps transparent antennas might turn into 
viable commercial products. 
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Abstract
The effect of mutual coupling on the performance of adaptive antennas has been a topic of considerable interest for the 
last three decades. The general conclusion of the work reported in the open literature is that mutual coupling degrades 
the performance of adaptive antennas. We have carried out an in-depth study of the effects of mutual coupling on the 
performance of adaptive antennas. Our studies show that this conclusion is not entirely correct. Yes, one does need the 
in-situ array manifold to obtain the ﬁ xed response in the desired signal direction. Otherwise, adaptive weights can also 
suppress the desired signal. Note that for adaptive antennas based on minimizing the mean squared error between the 
array output and a locally generated reference signal, this is not an issue. However, mutual coupling between antenna 
elements hardly affects the nulling performance of adaptive antennas. In fact, in a given size aperture, as the number 
of antenna elements is increased, one obtains better nulling performance, irrespective of the increased mutual coupling 
between antenna elements. Also, as expected, for strong wideband interfering signals, one should carry out space-time 
adaptive processing (STAP).
Keywords: Adaptive antenna arrays; adaptive nulling; mutual coupling; densely packed adaptive antennas; antenna 
arrays; beamforming; array signal processing
1. I ntroduction
Adaptive-antenna array systems constitute a multidisci pline technology area that has spanned a number of dec ades in 
the engineering and scientifi c community, due to advances in 
electromagnetics and signal processing [1-8]. Adaptive arrays 
consist of antenna elements that sense the signal environment, 
and a real-time signal processor that automatically optimizes 
a user-defi ned metric, such as signal-to-noise ratio (SNR), by 
combining the weighted output of each element (or channel). 
Adaptive antennas thus can provide real-time adaptive nulling 
and beamforming. They have appli cations in radar, navigation, 
RF communication systems, seismic analysis, and sonar [8].
 The origins of adaptive nulling can be found in the 
1960s, when a sidelobe canceller was developed to aid in radar 
applications [9], and the least-mean-square (LMS) error algo-
rithm was established based on the steepest-descent method 
[10]. Both of these contributions enabled automatic interfer-
ence suppression without knowledge of the interferers. There-
fore, a weak desired signal can be extracted from a environ-
ment with strong interferers [11]. Experimental verifi cation of 
adaptive nulling was given in [12, 13]. Over the decades, the 
research expanded to provide improvement in convergence, 
tracking, robustness, power consumption, and versatility of 
the signal-processing algorithms [2, 6, 14, 15]. In addition, 
research in adaptive array applications was extended in the 
areas of radar [16, 17] and varying communications systems, 
such as spread spectrum, TDMA, CDMA, TOA, and indoor 
radio [18-25]. A third major area of research for adaptive 
arrays is the effect of the antenna array design itself on its per-
formance in the adaptive mode [26-37]. The element pattern 
[26, 27, 31], distribution [34, 36], bandwidth [33], and mutual 
coupling between elements [30, 32, 35, 37] are very important 
to adaptive array performance.
 Recently, the effect of mutual coupling on adaptive 
antenna performance has become crucial because of the cur-
rent demand for limited-aperture adaptive antennas. These 
types of antennas have small inter-element spacing, and hence 
strong coupling. The general view is that mutual coupling per 
se will degrade adaptive-array nulling performance. It is well 
known that mutual coupling causes the antenna array steering 
vectors (antenna array manifold) to change. This will hurt the 
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